BELLCOMM, INC.

SUBJECT: A Critical Look at the Martian DATE: October 26, 1966
Atmosphere - Case 103-2 ?

FRom: M. Liwshitz

ABSTRACT

A broad survey of present knowledge of the Martian
atmosphere 1s presented. The gradual accumulation of information
obtained before the Mariner IV flyby 1s reviewed, and the methods
of investigation are briefly discussed. The Mariner IV results,
and conclusions drawn from these, are considered in detaill.
Throughout this survey an attempt is made to distinguish be-
tween results of direct observation and conclusions based
on theories yet in need of empirical confirmation of their

underlying assumptions.
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I. INTRODUCTION

Atmospheric structure of a planet is roughly defined
by the altitude profile of very few thermodynamic parameters.
These are temperature, pressure, mass and number density. To
take account of chemical composition, both partial and total
pressures have to be considered. Through interaction with the
sclar energy flux, and by their mutual interplay, a profile
of these parameters evolves which serves as an adequate model
of an average static atmosphere for most engineering purposes.
In some instances (e.g., the effect of winds on landing operations)
certain dynamic processes have to be considered; analysis of
others, such as, for example, ionospheric phenomena, may also
be required for a clearer insight into the structure of even the
static atmosphere.

Prior to exploration with in situ probes carried
alof't by high altitude rockets and satellites, knowledge of the
earth's atmosphere was sparse and subject to large uncertainties
in some areas, such as, e.g., the temperature profile and compo-
sition at altitudes above 100 km. In the absence of direct
close-by observation, knowledge of planetary atmospheres was
based exclusively on results of astronomical investigations,
limited to the narrow windows of the electromagnetic spectrum
accessible through the terrestrial atmosphere.

For Mars these observations provided a fairly reliable
estimate of surface temperature, determining the latter within
about 20% of 240°K. This value of surface temperature, averaged

over the sunlit disk, and widely accepted before Mariner IV(l) (2),
is, indeed, in good agreement with the determination of near surface
temperature deduced from the results of this recent experiment.

It is probably very close to the value that an in situ thermometer
will determine in the future. Moreover, scans over the sunlit

disk provided insight into the diurnal temperature variation

which appears to display an amplitude of ~50°K on either side of
the central value indicated. /




BELLCOMM, INC. -2 -

On the other hand, Mariner IV results revealed that
previous estimates of composition and pressure were far off the
mark. Astronomical cbservations had led to qualitative identi-
fication of some chemical components of the Martian atmosphere,
such as carbon dioxide and water vapor. For CO2 a lower abundance

limit of ~10 gm cm-2 had been obtained from careful analysis of

Martian spectra(u) (5). The presence of water vapor in the
Martian atmosphere had also been clearly established; but its
quantity was (and still is) subject to large uncertainty,

-2 () 2

to 2 x 10°° gm
For other compcnents, such as CO and 02, only upper

estimates ranging from ~1.4 x lO_3 gm cm

m=2 (6).

abundance limits could be ascertained: But for years the accepted
model of the Martian atmosphere assumed, in analogy with the
earth, a preponderance of nitrogen in this planet's atmospheric
composition, though, owing to its spectroscopic inertness,
nitrogen could never be directly identified. The accepted value
of surface pressure centered around ~85 mb.

c

The Mariner IV occultation experiment confirmed the
earlier estimate of 002 abundance, but indicated that 002 is the

major constituent of the Martian atmosphere. It also revised
drastically the estimate of surface pressure, which is now
thought to be about 5-10 mb, an order of magnitude below the
value indicated above.

In view of the paucity of unambiguous empirical data,
great latitude existed for the construction of atmospheric

models for Mars(7) (8) (9) (10) aiming at a description of its
temperature and density profile. In general these models,
starting from questionable assumptions, led to wrong conclusions.

The Mariner IV occultation experiment ylelded the first
glimpse into the actual structure of the Martlian atmosphere by
obtaining data which refer to different distinct regions of the
atmosphere. This is 1n contrast to all previous astronomical
studies which, apart from those of surface and subsurface
temperature, inevitably observed effects integrated over the

whole of the planet's gaseous envelope, and therefore were
amenable to great ambiguities in interpretation.

The fundamental character of the Mariner IV results
and the relatively high accuracy of the deduced structural
parameters 1s evident from Table 1, adapted from Fjeldbo, G.,

et at(ll).

*Recent reports on results of spectroscopic observations of
Mars with a high resolutlon interferometer (Connes,J., P.Connes,
and L. D. Kaplan, Science, 153, 739, August 1966) indicate the

presence of a surprisingly high fraction G»lO'B) of methane
derivatives in the Martian atmosphere.
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TABLE I
SUMMARY OF STRUCTURAL PARAMETERS OBTAINED FROM THE

MARINER IV OCCULTATION EXPERIMENT AT IMMERSION

Surface Number Density 2.05 + 0.25 x 1017cm_3
Surface Mass Density 1.50 + 0.15 x 10 °gm cm™ 3
Surface Scale Height 9.0 + 1.0 x 10°cm
Surface Pressure 5.1 + 1.1 mb

Near Surface Temperature 175 + 25°K

Electron Density at 120 + 5km 9.5 + 1.0 x 10" em™3
Electron Density at ~ 100km V2.5 x 10" em™3

Plasma Scale Height above

Electron Peak 2.8 + 0.3 x 106cm

These results put man's knowledge of the Martian
atmosphere on a much firmer basis than available hitherto, and
have reduced to a considerable degree the permissible latitude
in bridging between the known values of structural parameters
and extrapolating from them. Still there exists a wide range

of possible interpretation(ll) (12) (13) (14) (15).

It can be stated with confidence, however, that upon
completion of advanced Martilian missions employilng direct
atmospheric probes, which are now under consideration, knowledge
of the Martian atmosphere will advance to a stage not dissimilar
to that pertaining to the terrestrial atmosphere today.

II. A SURVEY OF PRE-MARINER IV ATMOSPHERIC DATA ON MARS

As indicated in the introduction, a planet's surface
temperature is the atmospheric parameter most easily accessible
to direct measurement. This statement 1s, however, in need
of some qualification in the presence of a sizeable atmosphere
interacting strongly with solar radiation. The surface whose
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temperature is purportedly measured becomes ill defined and

is not necessarily the planet's actual surface, but may be

an atmospheric layer of altitude varying with wavelength,
Moreover, the thick atmospheric layer brings about a blanketing
effect which may profoundly alter the thermal balance near the
surface. This 1s well exemplified by the Cytherean atmosphere,
where heavy cloud layers obstruct direct transmission of solar
radiation over broad regions of the spectrum.

Fortunately, from this point of view, Mars does not
possess a heavy atmosphere, and it has been possible, therefore,
to determine Martian surface temperatures from earth based
observations with satisfactory accuracy.

In this case even the simplest method based on the
Stefan-Boltzmann law yields a fairly reliable estimate. On
the average, the solar radiation energy absorbed by the sunlit

disk (of area nr2), the bulk of which is in the visible and
near infrared portions of the spectrum, equals the thermal
radiation emitted by the planet's total surface (of area

Uﬂrz),

ie. £(1-a) = hoT" (1)

or

1/4

T = [£(1-a)/bo] (2)

5 1

Here f ~ 6.0 x 10° erg em™2 sec”t is the solar energy flux
at the mean heliocentric distance of Mars, o A 5.7 X 10—5 erg
em™° sec”t ox~4

the mean visual albedo of Mars. Inserting these values into
Equation (2) yields

is the Stefan-Boltzmann constant, a ~ 0.15 is

T ¥ 220°K

As will be seen below this value is too low by about 10%. The
main sources of error in thils simple estimate stem from the
application of the Stefan-Boltzmann law, assuming the Martilan
surface to behave as a black body radiator (in the infrared),
and from the averaging of the Martian albedo, which displays

strong variations with wavelength.
\
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Whereas 1n the method just described, the surface
temperature is inferred from optical measurement of the albedo
via some assumptions about the radiative properties of Mars,
it can be measured directly using various methods of radiometry
which are based on Planck's law. An extended series of observa-

tions by Sinton and Strong(ll) (16) in the infrared yielded
quite detailed temperature curves with relatively high spatial
resolution of the surface (v 1/15 of the planet's disk). The
only significant error in the reductinon of results in this type
of measurement lies in the assumption of unit emissivity for
the Martian surface, which may cause an underestimate of the
actual temperatures by no more than 5%.%

Direct results of the above observations revealed a
variation of surface temperature at the Martian equator from
v 210°K at 0700 a.m. Martian local time to ~ 295°K at noon.
Extrapolation by means of the equation of heat conduction
vielded a minimum temperature near ~ 200°K, and a corresponding
maximum of ~ 300°K. This would yield a rough average tempera-
ture of ~ 250°K.

Sinton and Strong's observations appear to be a
reliable measurement of surface temperature, really no worse
than most terrestrial measurements. Three points are note-
worthy with respect to these results:

(a) The daytime surface temperatures of dark areas appear
to be about ~ 8°K higher than those of lighter areas.

(b) The large amplitude of temperature variations indi-

cates very low thermal inertia, (ka)l/2 (where k is
the thermal conductivity, ¢ the specific heat, and
o the mass density of the surface). This in turn
suggests a loose, dry, grainy structure of surface

soil(17).

(¢) 1In analogy with dry, sandy regions of the earth it
(18)

is believed that the near surface temperature

*Strictly speaking, the possession of a finite albedo precludes

consideration of a planet as a black body. Since, however, the
bulk of solar radiation which is absorbed (and reflected) is in a
region of the spectrum that does not overlap the spectral range
over which the thermal radilation is emitted, one might still
consider the planet as a black body emitter of long wave radiation.
If this assumption is dropped and an emissivity € < 1 is adopted,
the observed radiation intensity becomes € o Tu, such that for

Y

e ~ 0.8, T % e_l/uTb o l.OSTb with Tb the black body temperature

corresponding to the same radiation intensity.
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of Mars is ~ 50° lower than the values quoted.
This is based on the empirical relation that the
minimum near surface temperature is close to the
surface minimum, while the amplitude of its
variation is only a fraction, < 1/2, of the sur-
face temperature variation. Consequently the
atmospheric temperature near the ground is

v 200°K, Table I shows this estimate to be well
borne out by the Mariner IV results.

Radiometric observations have also been carried out in

(19)

the cm wave region , ylelding ~ 210 + 20°K for the temperature
of the subsurface, which has to be considered the main emitting
region in this wavelength region. The above subsurface radio
temperatures appear to be consistent with the measured surface
temperatures.

Measurements of the ftemperature near the surface
and the identification of some chemical components, mentioned
in the introduction, exhaust the store of firm empirical knowledge
about the Martian atmosphere available prior to the Mariner IV
flyby. Other statements on its structure leaned heavily on
theoretical considerations. In the absence of empirical data
to test theilr underlying assumptions, theoretical calculations
appear to have led in many instances to erroneous quantitative
estimates on the structural parameters. Evidently the degree
of error was in direct proportion to the range of phenomena
these theories sought to describe.

This is demonstrated by the results of a calculation
on the location of the Martian tropopause, which in a reasonably
simple manner led to a value of the former's altitude in
fair agreement with that deduced from Mariner IV results. Under

the assumptions of this theory(gl) (22), the atmosphere consists
of a lower layer in convective (adiabatic) equilibrium, the
troposphere, and an upper 1sothermal layer, the stratosphere,

in radiative equilibrium with constant temperature TS. In the

troposphere the lapse rate of temperature is the constant adiabatic

lapse rate Gy where
dz c t

p

g(em sec—g) is the gravitaticnal acceleration near the surface
of the planet; Cp(ergoK_l) is the specific heat of the atmospheric
For Mars g ~ 3.75 x 10° cm sec-g, and for most gases of

o}
interest (I, C0,), C % 107 ers °K™t, so that
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ap = -3.75°K/km (3)

Let h be the altitude of the tropopause; then T s> the stratospheric
temperature, is given by

TS = To = ath (4)

with To the temperature at the base of the troposphere (near
ground). Neglecting direct absorption of solar radiation by
a volume element of unit area in the stratosphere, its
radiation balance is expressed by the following equation:

20T2 = ng (5)

Both surfaces of the volume element emit radiation at T
while only its lower surface absorbs radiation at To.
Combining equations (4) and (5) one obtains

5

h = (1—2_l/u) To/at (6)

With To % 200°K, this gives h X 8.5 km and T_ % 168°K. While

this value of h appears quite reasonable, it cannot be determined
from present data. The temperature of ~ 170°K in the lower
stratosphere appears to be in the right order (within ~ 15%),

as 1s borne out by more sophisticated calculations based on

the simultaneous numerical solution of the equation of radia-

tive transfer and the equatiocn of hydrostatic equilibrium(7) (9) (10).
Though solution of these equations requires certain assumptions

about the chemical composition of the atmosphere (as this determines
the interaction with solar radiation), the results on the temperature
structure in the lower atmosphere are not overly sensitive to the
Initial assumptions. This 1s not the case, however, with respect

to higher altitudes (above ~ 50km), where radiative equilibrium

i1s inhibited by the low collision freguency, and where composition
plays a decisive role. This 1s evident from the results of

radiative transfer calculations on Martian model atmospheres quoted,
vielding limiting temperatures for the critical level, the base(g)

of the collisionless exosphere, varying between 500° and 3500°K .
Even after Mariner IV this is still a highly controversial

subject(5) (11) (13) (14) (15)

Another area of great uncertainty up to the Mariner IV
flyby was the problem of pressure. Though observational astronomy
provides a number of methods for probing the pressure of planetary
atmospheres, interpretation of observational results depends
heavily on assumptions about the atmosphere and has, therefore,
led to widely diverging results.
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The simplest methods are polarization studies and
photometry. In the former the polarization of light reflected
from the planet is measured at different zenith angles (see
Figure 1). This enables separation of the respective contri-
butions of the atmosphere and the surface. The contribution to
light intensity from the atmosphere can then be converted into
pressure. The sources of uncertainty in this method are
assumptions about the scattering process in the atmosphere, and
the composition, which determines the polarizability of the
medium. A significant proportion of aerosols or microscopic
particles in the atmosphere would contribute non-Raleigh
scattering. The effect of the uncertain assumptions can be
sensed from the wide range of surface pressures which may be

deduced from polarization measurements, 30-200 mb(5). Similar
problems are encountered in photometric determinations of
pressure, where the respective contributions of surface and
atmosphere to the light intensity are separated by studying the
spatial and diurnal variation in brightness. Again the relative
contribution of particles of different size has to be determined
before the empirical data can be interpreted. The range of
pressures derived from this method varies, therefore, between
60-110 mb.

The most accurate method of pressure determination

is the spectroscopic method, to be discussed now in more detail(23)
As the spectrum of light from a planet i1s scanned, absorption

lines appear, and it is possible to measure the so-called
equivalent width of these lines - which is the width (in angstrom
or frequency units) of a completely black line that would subtract
from the continuum the same amount of energy as does the real

line. To permit evaluation of the dependence of this empirical
quantity on the relevant parameters the equivalent width of a

line is defined as

{

f —Kvu )
W= (l-e ) dv (7)

KV is the appropriate absorption coefficient at a frequency v;

it 1s expressed in unlts according to the measure of the amount
of absorbing material wu in the optical path. E.g. if u is

expressed in gm cm_2, the dimensions of K  are gm_l em®.  What-

ever the dimensions of u, evidently
u =« N,

the number of absorbing molecules in the path of observation.

(24)



BELLCOMM, INC. -9 -

One may express Kv as a product

Kv = 3 f(v) (8)

where S is the so-called line intensity, and f(v) the form
factor, which is normalized such that

J_: f£(v)dv = 1 (9)

Also S « ¢, where § is the effective number of electrons per
molecule with natural frequency v, the so-called oscillator
strength.

Of wide use in astronomical applications is the
assumption that f(v) is the Lorentz shape factor

£(v) = AN (10)
(v = vg) 4+ a

with vy the center of the line and o the damping factor, which

depends on the characteristic time of damping of the incident
wave. If this is effected by collisions, then

ae (P/T)L/2 (11)

Given f(v) one may evaluate the integral Equation (7). For
f(v) as in Equation (10) this can be done quite convenilently
in the 1limit Su/a - 0 (the weak line approximation). One
obtains upon substitution x = (v - vg)/a, and & = Su/a

0

W= o J[ (1 - 5Ty gy n o ¢ f £(x) dx = o
Ax

- 0O

or (12)

W « Su AN
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For the so-called strong 1line or square root approximation,
for Su/a » =, a somewhat more complicated integration can

be shown(23) to lead to

172 1/2

W « (Su) = B(NP) (13)

where A is a constant and B depends on T. Thus, by

measuring the line width of both a weak and a strong line

one may, in principle, determine both the total abundance

of the absorbing gas in a planetary atmosphere, and 1its

total surface pressure assuming some atmospheric profile.
Unfortunately, hidden sources of error limit the validity

of results derived from this method: 1) overlap of a number
of lines, 2) overlap with solar Fraunhofer lines, 3) overlap
of Martian and terrestrial absorption lines, 4) uncertainties
in the temperature of the absorbing gas, 5) uncertainties in
the line shape, determining the relation between pressure and
line broadening, 6) uncertainty in composition, which affects
line broadening by collilision of particles of different species.
Some check on these errors can be obtained from experimental
curves of growth, yielding the dependence of line width on
the depth of absorber, but what appears to be amenable to
relatively precise determination are limiting pressures and
abundances.

When this method was applled to the Martian §tmosphere
by utilizing the weak absorption bands of CO, at 8700 A,

together with the strong, pressure dependent bands at 1.57 and 1.6
v, the resuliting minimum pressures varied between 4.2(25) and

6.4 mb(u) (25), on the assumption that the Martian atmosphere is
pure COZ' Though these values are close to those deduced from

the Mariner IV flyby, they were not seriously considered prior
to this mission, but only regarded as gquite remotely possible
lower limits.

In summarizing the state of knowledge before mid-1966
it can be stated that the only atmospherilic parameter known with
a high degree of confidence, say 20%, was the surface temperature.
The lowest portion of the temperature profile was probably
estimated correctly. Estimates of surface pressure varied by
almost 2 orders of magnitude (from ~4 to 200 mb), and no
reliable statement could be made on the profile of temperature,
density, pressure and composition.
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ITI. THE MARINER IV RESULTS AND THEIR INTERPRETATION

A significant advance in the state of knowledge about
the Martian atmosphere came with the publication of the results

of the Mariner IV occultation eXperiment(3). Though an actilve
controversy still persists on the interpretation of the data
with respect to the structure of the upper atmosphere, a number
of important questilions appears now to be settled, such as the
order of magnitude of the surface pressure and the peak electron
density in the ilonosphere, the surface temperature, and the
basic chemical composltion of the atmosphere. Consequently

the range of assumptlons for theoretical studies has been
considerably narrowed down, and aims for further experimental
probing of the atmosphere can now be much better defined.

The physical basls of the occultation experiment is the

refraction of radiation by the atmosphere and :!.onosphere(26 (27) (28)
1) the radio propagation veloclty ceases to be the free space
velocity c¢; 2) the radlal gradient 1n atmospheric density, and
hence 1n the refractivity, bends the path and produces an

apparent change in slgnal transmitter velocity; 3) the refractive
defocusing causes a change 1in signal strength recelved at earth.
There are addlitional effects, but these will not be discussed

here since they were not utilized in the occultation experiment.

The above effects produce convenlently measurable quantitles:

1) and 2) change the effective path length for transmission

from the flyby vehlicle and cause a residual delay 1n reception

of the signal at the earth, compared to that expected 1n absence

of an atmosphere. This time delay may be expressed in terms of

a phase shift A¢ cycles. The change in signal velocity produces

a residual Doppler shift, Af cycles/sec, compared to that caused (3)
by the vehicle's motion in free space. The change 1n attenuatlon
can be measured directly in terms of AA db.

Upon certalin plausible assumptions, such as an
exponential, spherically symmetric atmosphere, these measured

quantitles are simply related to atmospheric parameters. For
signal propagation paths Just grazing the surface of the planet

one obtains(27)
Ab = % (us-l) (21TRp)l/2 Hl/2 cycles (14)
A = % (“s'l) (2an)l/2 g1/2 cycles/sec (15)
B = -B.34(u_=1) u (2qRp)Y/2 573/2 g (16)
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Here A 1s the radar wavelength employed, Mg is the index of

atmospheric refraction at the surface, Rp cm is the planet's
radius, H cm the atmospheric scale height, and Vg cm/sec the

spacecraft's velocity at flyby. Mg is simply related to the

atmospheric surface density, and depends on composition.
Analogous relations can be obtained for the dependence of

(29)

A9, Af, AA on ionospheric parameters

The maximum values of 4A¢, Af, and AA reported from
the Mariner IV experiment were

iy

n 29 + 2 cy

af = 5.5+ 0.5 cy/sec

AAm = 1.5 - 2.0 db

Figure 2 from(B) relates these values to surface refractivity,
NS = (us - 1) x 10% and scale height of an exponential atmosphere
and indicates the possible range of these values. Figure 3, also

(3)

from , shows the dependence of refractivity on density and
composition. From these results and analogous data on the
ionosphere Table I in the introduction was compiled. Figure 4
presents these results in graphical form as a function of
altitude.

It should be noted that the values in Table I were
derived from the data at immerson. Diffraction effects indicate
that this took place over an elevated feature of Mars, suggesting
that pressure and density may not refer to Martian "sea level™.
Elevation introduces a change of 1%/90m in these parameters and
the uncertainty is reflected in Figure 4.

To obtain a complete model of the Martian atmosphere
one has now to bridge over the large gaps between the "known"
portions of Figure U, which include: 1) pressure, density and
temperature at the surface and near 1t, 2) an exponential
electron density profile above a peak near ~ 120 km with a scale
height of ~ 25 km, 3) a steeper density gradient below this peak
and vpossibly a secondary peak at ~ 100 km, and 4) nighttime electron

density <lO3 el. cm 3. To do so, one has again to leave the firm
ground of empirical data and enter the realm of plausible con-
jecture. Since at high altitudes (~ 100 km) the density and
temperature profiles of the neutral atmosphere are not known, one
attempts to relate them to the known electron profile by consider-
ing icnospheric processes, in analogy with phenomena in the
terrestrial atmosphere.
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The ilonosphere is formed by the interplay of photo-
ionization of atmospheric molecules and their recombination
with the free electrons formed, mainly in three body collision
processes. Schematically these processes are described by

A + hv » A+ + e (17)
A+ + e+ B> A + B or
At + Bc > aBt + ¢ ABY + e >4+ B (18)

Here A, B, C denote gas molecules, e denotes an electron,

and hv a photon. Direct recombination, A+ + e » A, is not
effective because of the stringent conditions on the energy
of the neutral molecules, which i1s restricted to discrete
states. On top of these collision processes diffusion may
affect the structure of the lonosphere.

The two principal stable layers in the terrestrial
ionosphere are the E and F regions. The former extends from
v 85 to A~ 150 km altitude, in the range where N2, 02, and O

are the major atmospheric constituents; the principal jonizing
agents are thought to be soft solar X-rays (~_ 10 - 200 %) and
some UV in the regions between ~ 800 - 1027 R. The E region
displays strong diurnal variation, its electron density at

3 em™3 from day to night.

(29)

It can be shown on the basis of simple layer theory , which
may be applied to the E layer, that its peak occurs at unit
optical depth, i.e., where

~ 150 km varying from & 10° cm™> to ~ 10

onH sec x = 1 (19)

Here n cm-3 denotes the number density of neutral molecules,
H cm their scale height, x radians the zenith angle of soclar

s 2 . s s . .
radiation, and ¢ cm  1is the photoionization cross section.

This simple theory cannot be applied to the more
complex F layer, where plasma diffusion plays an important role.
In the terrestrial atmosphere the F layer displays two distinct
peaks in electron density in the daytime. The lower F, peak near
v 180 km occurs in the region of maximum electron prod&ction, with

5 -3

a characteristic electron dengsity of ~ 3 x 107 cm at noon and
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b -3

v 100 em after sunset. The higher F2 peak near v 350 km

evolves as a result of the low density of neutral particles at
high altitudes which inhibits recombination. The diurnal

6 5

variation from ~ 10~ to 2.5 x 10” is less pronounced than that

of either the Fl and E layer. The reduced variation is a

consequence of slow recombination and diffusion. Above the

F, peak diffusion processes become dominant and therefore this
méximum will roughly be located where the time scale for
diffusion and loss by recombination become equal, 1l.e.

8 = D/ - (20)

Here B8 sec_1 is the loss coefficient for ions in the F2 region;

H2/D sec™? 1s the diffusion time, with D em? sec™t the diffusion

coefficient. Above its peak the density profile of the F, layer
is roughly exponential, typical of diffusive equilibrium.

It is evident that the formation of the ionosphere
is strongly affected by the chemical composition of the neutral
atmosphere, since ionization thresholds and cross sections
vary from specles to species, and the effective recombination
of ions depends on the ambient neutral density.

From the brief description of the terrestrial ionosphere
it appears quite natural that some of the investigators assumed
the observed peak in the Martian atmosphere to be an F2 type

peak(ll) (13). As it impinges on the atmosphere, the solar UV

flux will be attenuated by ionizing and dissociating the ambient
neutral molecules and atoms. The big question at this point is
which species of neutral particles will be predominant at small

optical depths. Since CO2 is likely to be the major constituent

of the Martian atmosphere, with possible admixture of N2 and A,
and the dissociation threshold of 002 is ~ 1690 X, the following
constituents may occur at high altitudes: N2, A, C02, CO, 02, O.
In view of its smaller molecular weight there must be a level
above which atomic oxygen predominates because of diffusive
separation, like in the terrestrial atmosphere above the
turbopause at ~ 100 km. If, as is plausible, atomlc oxygen
is predominant in the region of the F2 peak, one can proceed

in a straightforward manner to consfruct a density profile of
the neutral atmosphere at high altitudes from knowledge of the
electron profile there.
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Evidently for the better part of the day the presumed
F layer 1s in a state of quasi-equilibrium; i.e., the change of
electron (or ion) density per unit time 1s negligible compared
to the change per unit time brought about by either production
in photoionization or loss through recombination. This
approximate balance 1s expressed as

(ZA o, IA) n(0) = Bn(0+) (21)

where oxcm2 is the 1lonization cross section of oxygen at
wave length i, I, photons em™? sec”! is the solar flux at A,

and the summation extends over the spectral region effective in

ionization (x<9103); n(0) and n(0+) are the respective number
densities of neutral and ionized oxygen. The accepted value

for 1, o, I, is 1077 sec. The loss coefficient 8 depends

on the loss mechanism removing oxygen ions. In view of the
likely composition of the Martian atmosphere the most plausible
reaction appears to be the rearrangement

ot + co, ~ og + CO (22)

with a reaction coefficient k' ¥ 1072 cm3/sec. O; readily
recombines in the dissociative recombination

o; + e >0+ 0 (23)

In view of Equations (22)and (20)

8 = k' n(Co,) = D/H® (21)

From kinetic theory it is found that

D = b7 2/m0) & 10270200y (25)

assuming atomic oxygen to be the predominant constitutent.
The system of Equations (20) to (24) yields then for the
atomic oxygen number density at the atmospheric peak
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Assuming oxygen to be the predominant ion in the region, n(0+)
is equal to the observed electron density there. The neutral

scale height, H, is half the observed plasma scale height, and
knowledge of this parameter permits evaluation of the

temperature, T, 1in this region, If, as Johnson(l3) and

Fjeldbo et al(ll) assume, the region above the peak is isothermal

mog

With m, B 2.68 a 10"23 gm, the mass of the oxygen atom, and
H % 12 km, one obtains T % 85° K. Equation (26) yields then
n(0) % 10° cm™3 at the ionospheric peak at 120 km.

The number density of CO, is then obtained from
Equations (24) (25) and (26) and i§ given by

(co.) n(o0) ZOAIA (38)
n = — 22 2
2 k'n(0+)

From the values of the various factors on the right side of
Equation (28) the density of CO2 at 120 km turns out to be

N 106 em™3. Down to an altitude where the ion density n(O+)
vanishes, the above equations provide a density profile of
CO2 and 0, under the assumption that 002 is in diffusive

equilibrium, i.e.,

120
_ dz
n, (COZ) = N5 (002) exp flz) (29)

which requires knowledge of the temperature profile for the
evaluation of H(z), the carbon dioxide scale height. Assuming

the value of ~ 10 cm—3 for this component's density at 120 km
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obtained above to be correct, the decrease of density by ~ 11

orders of magnitude from the surface density of ~ 2 x lO17 cm-3.
limits the average temperature between the two levels to low
values.

Approximately,

101t ¥ exp (120/H) ¥ exp (2.43 x 103/7)

or

(30)
T ~ 95° K
where the bars denote averaged quantities.

The vapor pressure curve for CO2, oﬁ the other hand,

provides a lower limit at all altitudes; otherwise an
appreciable fraction of the 002 would condense and form dry

ice. In this manner the observed atmospheric profile below

30 km is connected with the calculated profile above ~ 70 km.
The results of such a calculation by Fjeldbo et al(ll)are pre-
sented in Figures 5 and 6. Johnson's results(l3) are very
similar.

The salient features of this atmosphere are: 1) the
very low temperature throughout the atmosphere, and 2) the low
number densities, which lie at all altitudes well below the

densities in the earth's atmosphere, e.g., n(l20) % 109,

compared to v 5 x lOll at this altitude above the earth.

Though attractive in its simplicity, this model is
subject to serious objections, leading to a radically different

interpretation of the Mariner IV data'’’: 1) the conditions
on T appear too stringent, and 1ts value too low, in contrast

to the results of radiative transfer calculations(lo). These
show the middle atmosphere (up to ~ 60 km) to be in radiative
equilibrium at temperatures substantially above the dry ice
values, 2) isothermy in the ionosphere cannot be maintained

by the radiative losses of C0O,; temperature gradients will build
up, and a thermosphere with pCsitive temperature gradients will
be formed, and 3) the photochemical balance of the upper
atmosphere is not considered in sufficient depth.
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The latter argument led Chamberlain and McElroy to
the conclusion that the atmosphere is not in diffusive equilibrium
above ~ 70 km, but in a state of mixing up to high altitudes.
Under these assumptions a very different atmospheric model can
be constructed, as shown in the dashed curves in Figures 5 and 6.
This model is characterized by substantially higher temperatures
in the upper atmosphere, and by number densities which above 70 km

exceed the terrestrial values. At 120 km, n ~ 6 x 1072 cm™3

versus ~ 5 X 101l on earth.

It should be noted that this model does not use directly
the information, though limited, of the lonospheric density pro-
file in deducing results about the upper atmosphere. Its pro-
ponents rather attempt to fit the empirical data on the ionosphere
into the framework of thelr theoretical model, while using the
empirical data near the surface as boundary values.

Consideration of the temperature and density at ~ 120 km
leads the proponents of this model to the conclusion that the
observed ionospheric layer is an E layer, analogous to the
terrestrial E layer formed under similar ambient conditions. This
permits calculation of the number density at the peak from
Equation (19) assuming an approximate value for o. Since o varies
with wavelength, this requires identification of the spectral
range in the solar flux giving rise to photoionization. This
is assumed to be soft X-radiation, leading to o % 1077 em®

and n ¥ 5 x 10%°.

3

But this model also has to contend with a number of
serious difficulties: 1) to provide mixing up to high altitudes
one has to invoke a physical mechanism, such as eddy diffusion.
But associated with the latter, eddy heat transport must be
present, which would seriously affect the heat balance arrived
at earlier without taking account of this mode of heat transport,
and 2) the absence of an F layer higher up has to be explained
in the presence of the ionizing agent - the UV radiation. To
do so, unlikely high rate coefficients for the removal of ions
in the high atmosphere are called for, e.g., a rate coefficient

k w 10—6 cm3/sec for the recombination of COZ.

Moreover the shape of the profile of the observed
peak appears to fit well the theory of an F2 layer. It is

also the present writer's opinion that the strong diurnal

variation inferred from Mariner 1V results, but absent in

the terrestrial F. region, may well be explained by the observed
close proximity o% the two ionization peaks on Mars, whose dis-
tance is only ~ 25 km, while on earth they are separated by ~ 200 km.
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Since 1t appears that diffusion between the two regions is
the factor governing the diurnal variation of the density

profile(30), the short distance of separation between the
two peaks may facilitate the rapid decay of electron and
ion density after sunset.

An alternate interpretation of the observed lono-

spheric layer has been offered by Donahue(Bl), who identifies
the former as an Fl layer, deducing an ambient density of

9 x 1010 cm-3 at ~ 120 km, on the assumption of photoionization

by EUV. The reduction in density from ground to this altitude
leads then to an average scale height <H> ~ 8 km, whence the
average temperature of a 002 atmosphere would be ~ 150°K, a

value more consistent with the results of radiative transfer
calculations.

IV. SUMMARY AND SOME SUGGESTIONS FOR FURTHER STUDY

The survey of information on the Martian atmosphere
in the preceding sections reveals the great uncertainty which
still persists with respect to the atmospheric structure at high
altitudes, whereas the order of magnitude of the relevant para- -
meters near the ground appears now to be well established.

The greatest discrepancy between the various models
exists in the estimate of densities and temperature in the upper
atmosphere. The question arises how this deficiency in knowledge
can best be removed, short of direct probing of these layers.

It appears that the first task to be performed is a
renewed effort at constructing a more unified theoretical model
of the Martian atmosphere, incorporatlng the knowledge gained
from the Mariner IV flyby, and including a consistent treatment
of the ionosphere. The latter may serve as a test in discriminating
between the various possibilities. Existing models 1nevitably
were a patchwork of calculations using input parameters of question-
able validity, dependent on unknown boundary values of temperature
and pressure, and on an unknown composition. These parameters
can now be much better defined. If possible, attempts should be
made to obtain a rough idea of diurnal and seasonal and other
variations of the ionosphere.

This appears to be essential in preparation for proper
evaluation of prospective data to be expected from additional
flybys and possible Martian orbiter missions which have been
suggested as a further step in exploring the Martian atmosphere.
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In addition to occultation measurements the possibility of topside
sounding of the ionosphere should be studied. The temporal and
spatial dependence of ionospheric structure may offer a clue to
the actual character of the observed charged layer, and therefore,
enable a better definition of neutral atmospheric structure:

1) Evidently correct identification of the type of
ionospheric layer determines quite unambiguously
the order of magnitude of the ambient atmospheric
density, as can be inferred from the great
difference in density of the simple tentative
models described in Section 3.

2) On earth the different types of layer exhibit
different diurnal variation, as mentioned in
Section 3. Though the details of the variation
on Mars may differ from those on earth, it can
be expected that the difference in behavior
between the distinct types will not be wiped out
on Mars.

3) The same holds for the spatial variation of the
different layers. On earth, in view of diffusion
in the magnetic field, the F., layer shows variations
strongly correlated with geomagnetic position.
Though an upper limit has been established for the

Martian magnetic field <1075 that of the earth,
even a weak field may have effects on the structure
of an F layer. This field, if present, may be
amenable to detection by an orbiting satellite

with a periapsis of ~ 1000 km. Thus, observed
spatial variations in the ionosphere and correla-
tion with the magnetic field of Mars may help in
identification.

4) A similar statement can be made about variation with
solar cycle. On earth the strongest relative varia-
bility with solar cycle is displayed by the nighttime

F2 layer compared to the nighttime E layer, where
little or no changes can be seen between solar maximum

and minimum (see e.g., Figure 4.2 in(3o)).

Another possilhile step in the study of the Martian atmosphere
may be further spectroscopic study from a satellite-based observa-
tory free of the disturbing effects of the terrestrial atmosphere.
Such a study may narrow the uncertainty in abundance of minor compo-
nents such as CO, 02, and 0, whose relative abundance may offer in-

sight into the character of the transition from mixing to diffusive
separation.
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Obviously a final answer to the problem of the Martian
upper atmosphere will have to wait until direct probing of the
atmosphere can be effected in close (x 200 km) filyby. But
considerable progress is possible earlier if a concerted effort
of study is made in the right direction.

A number of special problems touching on the structure
of the Martian atmosphere exist which have not been treated in
this review such as, for instance, the problem of Blue Haze,
the question of 1life, etc. It is felt, however, that a better
definition of the general atmospheric structure has to precede
the solution of these questions, since clearer insight into
the former will eliminate a number of suggested solutions for
the latter. In view of this, the preceding survey has been
restricted to "purely'" atmospheric problems.

The author wishes to thank Messrs. B. T. Howard,
D. B. James, and W. B. Thompson who have aroused his interest

in the subject. ,77 M;l // “4 J/
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